Using the fluctuation-exchange approximation, we study an effective five-band Hubbard model for iron-pnictide superconductors obtained from the first-principles band structure. We preclude deformations of the Fermi surface due to electronic correlations by introducing a static potential, which mimics the effect of charge relaxation. Evaluating the Eliashberg equation for various dopings and interaction parameters, we find that superconductivity can sustain higher hole than electron doping. Analyzing the symmetry of the superconducting order parameter we observe clear differences between the hole and electron-doped systems. We discuss the importance of the pnictogen height for superconductivity. Finally, we dissect the pairing interaction into various contributions, which allows us to clarify the relationship between the superconducting transition temperature and the proximity to the anti-ferromagnetic phase.
I. INTRODUCTION
The recent discovery of superconductivity at 26K in LaFeAsO 1−x F x opened a new field of a highly intensive research in the material science.
1 In a short period of time, the superconducting transition temperature T c has been elevated to over 50 K by substitution of another rare earths for La, which yields the highest T c outside cuprates. [2] [3] [4] At present, there exist the 1111 systems represented by LaFeAsO, the 122 systems with BaFe 2 As 2 , 5 the 111 systems with LiFeAs, 6 and the 11 systems with Fe(Se,Te). 7, 8 These four families hold similar Fe-pnictogen layers, and are supposed to possess the same superconducting pairing mechanism. 9 The superconducting phase appears in a close proximity to the stripe-type anti-ferromagnetic (AF) phase of the undoped systems. Early on, it was argued that the AF spin fluctuations originate from the nesting between the two-dimensional cylindrical Fermi surfaces (two hole surfaces around Γ point and two electron surfaces around M point), and that they give rise to the sign-reversing s-wave (s ± ) superconducting state. 10 Kuroki et al. constructed an effective five-band model Hamiltonian in the unfolded Brillouin zone (BZ), which can describe the band structure of LaFeAsO near the Fermi level, and analyzed it within the random-phase approximation (RPA) obtaining a similar pairing state. 11 This conclusion was confirmed within the RPA studies, 12,13 the third-order perturbation theory, 14 the functional renormalization group, 15 and the fluctuation-exchange (FLEX) approximation. 16, 17 The s ± -wave state has been actively discussed as a promising candidate for the pairing symmetry in the iron-pnictide superconductors.
The undoped LaFeAsO parent compound has a stripetype AF ground state. With the electron doping due to substitution of F for O, the AF phase abruptly vanishes in a first order way, and the superconducting phase appears. The transition temperature barely changes with further the electron doping over the range x = 0.04−0.14 for LaFeAsO 1−x F x . The NMR-1/T 1 study in the normal state revealed that the strong AF fluctuations in the undoped case are dramatically suppressed with electron doping, and a pseudogap behavior was observed above x = 0.1.
18-21 Such a pseudogap behavior has been observed also with the photoemission spectroscopy. 22 This implies that the pairing mechanism cannot be attributed solely to the AF spin fluctuations. The NMR-1/T 1 relaxation rate in the superconducting state follows the T conducting. 26 From the NMR-1/T 1 study in the normal state, the correlation between the AF spin fluctuations and T c can be deduced. [27] [28] [29] [30] As for the superconducting symmetry, in the hole-doped region, T 5 -dependence of the NMR-1/T 1 (Ref. 31 ) and the exponential behavior of the penetration depth 32 indicate a fully-gapped superconductivity. This is supported by the direct observation with the angle-resolved photoemission spectroscopy (ARPES). 33, 34 In the inelastic neutron scattering measurements, development of the resonance peak below T c was reported, although whether it means the sign change in the superconducting gap or not is not clear yet. [35] [36] [37] [38] In addition, quite recently, indications were found that KFe 2 As 2 is a multi-gap system with line nodes, 39,40 and the As-P system shows a line-nodal behavior with high T c .
41,42
In FeSe, an enhancement of T c with pressure was reported, accompanied by an increase in the AF spin fluctuations. 43 , 44 The neutron scattering shows a correlation between the superconductivity and the stripe-type AF spin fluctuations, and below T c , a development of a remarkable resonance peak. 45 The thermal conductivity 46 and the scanning tunnel microscope 47 show a fullygapped behavior. Moreover, the phase-sensitive analysis seems to be consistent with the s ± -wave superconductivity.
Although the s ± -state is the prime candidate for explanation of pnictide superconductivity, whether the robustness of the superconductivity with respect to the presence of impurities can be understood within the s ± -scenario is a key issue for the future. 48 In addition, the recently discovered 42622 system with perovskite-block layer 49, 50 seems to possess a considerably different band structure, 51, 52 while the T c is comparable with the other pnictides. Whether this system possesses the same pairing mechanism is another open problem.
In order to understand the phase diagrams and the magnitude of T c of iron pnictides, it is necessary to study superconductivity and the correlation effects using realistic microscopic Hamiltonians. The thermal-Hall conductivity 53 and the microwave conductivity 32 in the superconducting state indicate a strong scattering between the quasiparticles, and the mass enhancement factor observed in the ARPES, 54 the optical spectroscopy, 55 and the de Haas-van Alphen experiment 56 is as large as 2 − 3. In addition, ab initio estimates of the interaction parameters suggest that these systems are moderately, not weekly, correlated.
57-59
In this paper, we investigate the superconductivity by including the correlation effect within the FLEX approximation. As in the preceding study (Paper I), 17 we encounter the following problem. In the intermediate correlation regime, the renormalized band structure deviates drastically from the local-density approximation (LDA) one, which leads to substantial changes in the Fermi surface and the magnetic fluctuations, and thus spoils the good agreement of the LDA Fermi surface with ARPES data. The effect was traced to a shift of the renormalized d 3z 2 −r 2 site energy closer to the Fermi level, which leads to enlarging of the Fermi surface around the Γ ′ in the unfolded BZ and shrinking of the other sheets. We believe, as discussed below, that it is an unphysical artifact of combining the ab initio band structure with the FLEX approximation. In Paper I, as a tentative method, we shifted the site energy of d 3z 2 −r 2 to preserve the shape of the Fermi surface in the renormalized band structure. Although this allowed us to investigate the superconductivity with the effect of correlations, the value of the shift is ambiguous. In Paper II, 60 we constructed and studied an effective four-band model for d xy , d yz/zx and d x 2 −y 2 assuming that d 3z 2 −r 2 stays below the Fermi level and is always irrelevant for the low-energy physics. While the Fermi surface is not deformed so much even in the intermediate correlation regime as expected, the magnetic structure still drastically changes and the stripe-type AF never becomes dominant. This lead us to suggest that the high-energy physics such as the interactions between localized spins, which is not considered in the FLEX, may be important to understand the stripe-type AF in iron-pnictides.
In the present study, we examine the five-band model, and propose a simple way to avoid the drastic deformation of the Fermi surface by adding a static potential to the FLEX self-energy. We argue that such potential mimics the restoring force due to charge relaxation. With this modification we obtain a strong stripe-type AF fluctuations also in the intermediate correlation regime. Then, we evaluate the Eliashberg equation in the intermediate correlation regime, and investigate the phase diagram as a function of doping. In addition, we clarify how to understand the correlation between the AF spin fluctuations and T c , and where the paring glue for superconductivity comes from.
In the following section, first, we calculate the LDA band structure in LaFeAsO, and make ab initio construction of the effective five-band Hubbard model. In Sec.III A we demonstrate the results of the FLEX for the five-band Hubbard model, and discuss what kind of problems they have. In Sec.III B we introduce a simple way to avoid deformations of the Fermi surface due to electronic correlations, which mimics the effect of charge relaxation. In Sec.III C we verify that the modified FLEX well works even in the intermadiate correlation regime. In Sec.IV, with this method we investigate the doping dependence of the eigenvalue in the Eliashberg equation. We show that the obtained phase diagram qualitatively explains the overall feature in LaFeAsO and BaFe 2 As 2 , and then, the pnictogen height is important for high T c . In addition, we investigate the gap anisotropy of the pairing function obtained in several doping cases. Finally, we suggest that it is oversimplified that the pairing mechanism in this system is attributed to only the conventional AF spin fluctuation. In Appendices A−D, we summarize hopping integrals in the five-band model and the technical parts in symmetry consideration of Hamiltonian and FLEX calculations. 
II. ELECTRONIC BAND STRUCTURE AND MODEL HAMILTONIAN
First, we carry out LDA band-structure calculation using WIEN2k package in the APW+local orbital basis.
61
The band structure of iron-pnictides is known to be sensitive to the internal coordinate z, which determines distance of the pnictogen from the iron layer in the unit of the c lattice parameter. Experimentally, the superconducting transition temperature T c is well correlated with the Fe-X-Fe (X=pnictogen) bond-angle, which is related to the internal coordinate z. 62 Thus z is an important parameter of the iron-pnictides. In our calculations, performed for non-spin-polarized undoped LaFeAsO, we use the experimental values for the crystallographic parameters [a=4.035 (Å), c=8.741 (Å), z La = 0.1415, and z As = 0.6512]. 1 In Fig. 1 , we show the calculated band structure. As 4p and O 2p hybrid bands are located between −5 ∼ −2eV, the Fe 3d orbitals are dominant contribution to the bands near the Fermi level, and the La 4f bands are situated around 3 ∼ 4eV. The Fermi surface consisting of quasitwo dimensional cylinders is essentially the same as the one obtained by Mazin et al. 63 Next, we use the recently developed interface 64 to wannier90 code 65 and construct the maximally localized Wannier functions (MLWFs) spanning the Hilbert space of the Fe 3d bands. The tight-binding model on the MLWFs basis provides an input for further calculations. The tight-binding band structure (see Appendix A), marked by the green dashed line in Fig. 1 , represents well the LDA Fe 3d bands. Deviations around ∼ −0.5 and ∼ 2eV originate from strong hybridization with As 4p, O 2p and La 5d orbitals. The ten-band model can be unfolded 11 to five bands in a doubled BZ, shown in Fig. 2 . The band structure is similar to that of the preceding studies.
11,17
The Fermi surface is composed of two hole sheets (α) around the Γ point, two electron sheets (β) around the M point, and a hole sheet (γ) around the Γ ′ point (the Γ point of the original folded BZ). The α surface and a part of the β surface are dominated by the d yz and d zx character. The γ surface and another part of the β surface arise from d x 2 −y 2 band. The Fermi surface is characterized by nesting with Q = (π, 0), which corresponds to stripe-type AF ordering. In fact, the (π, 0) AF spin fluctuation is the dominant fluctuation within RPA.
11 This fluctuation is predominantly due to scattering between the β and γ surfaces with d x 2 −y 2 character. Thus, the presence of the γ surface with the high density of states is vital for this AF fluctuation. 17, 60, 66 Moreover, since the (π, 0) AF fluctuations are considered the principal pairing glue for the sign-reversing s ± pairing, the size of the γ surface plays a key role for the high-T c superconductivity in this system. However, it has been shown that the γ hole surface is missing in the band structure in the iron-pnictides with perovskite-block layer 51,52 mentioned in Sec. I. Construction of the model Hamiltonian is completed by adding the on-site Coulomb interaction,
where σ = ± andσ = −σ, and c † iℓσ , and c iℓσ are the creation and annihilation operators in the basis of real harmonics 3z 2 − r 2 , xz, yz, x 2 − y 2 , and xy located at Fe sites. Since the Fermi surface of LaFeAsO is quasi-twodimensional cylinder, for simplicity, we restrict ourselves to a two-dimensional k z = 0 space. In addition, to meet the rotation invariance of the atomic orbitals in the orbital space, we take U = U ′ + 2J and J = J ′ . In the following section, we show the results of the FLEX calculations. The technical parts of FLEX are summarized in Appendix D. In the actual calculations, we take 64 × 64 meshes in the unfolded BZ and 1024 Matsubara frequencies. In this case, we can safely carry out the FLEX calculation for T > ∼ 0.002. We set T = 0.003 throughout this paper. As the numerical analytic continuation, we use the Padé approximation.
III. RESULTS FOR UNDOPED CASE
A. Band-structure renormalization
As mentioned in Sec. I, the FLEX calculations for the present model encounter severe problems as reported in Papers I and II.
17, 60 We start with summary and detailed analysis of the trouble points for the carrier density n = 6.00 corresponding to the undoped parent compound LaFeAsO. In Fig. 3 (a) we show the largest eigenvalue λ of the Eliashberg equation as a function of U for two choices of J = U/6 and U/8. In both cases, the pairing symmetry for the maximum eigenvalue is a s ± -wave, as in the RPA calculations. Although λ initially increases with U , for J = U/8 it shows a tendency to saturate for U > ∼ 1.2.
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For J = U/8, we cannot reach λ = 1 even for large U , that is to say that even at T = 0.003 ≃ 30K superconductivity cannot be realized. While we can obtain λ = 1 for J = U/6 and U > ∼ 1.6, the structure of the magnetic fluctuations is drastically changed, as discussed in Papers I and II. With increasing U the dominant magnetic fluctuation moves from the stripe-type AF with Q 1 = (π, 0) into a checkerboard-type AF with Q 2 = (π, π), as illustrated in Figs. 3(b) and 3(c). This change is related to the renormalization of the band structure.
In Fig. 3(d) , we show the spectral weight ρ(k,
, obtained from the imaginary part of the retarded Green's function, and the quasiparticle bandξ nk along the symmetry lines. To evaluateξ nk the self-energy is expanded to the first order in ω, and the equation
is solved. The mass enhancement factor z ℓ k for each orbital, which is given by can be at sufficiently low temperatures replaced with the approximate form
while ReΣ ℓm (k, iπT ) is taken for the real part of the retarded self-energy ReΣ R ℓm (k, 0). Thus obtained quasiparticle band traces closely the position of the peak in the the spectral density [the bright portion in Fig. 3 Up to now, however, there is no experimental evidence that Q 2 fluctuation is strong and that the renormalized bands drastically deviate from the LDA bands except for effective mass enhancement. Even though, quite recently, the Fermi surface shrinkage has been reported in the vicinity of the AF critical point in As-P system 56 and thus the tendency observed with the FLEX approximation seems to be right, 68 the extent of the Fermi surface renormalization is overestimated. This leads us to conclude that the observed changes in the Fermi surface, caused by the shifts of the quasiparticle bands, are largely artifact of the LDA+FLEX approximation. In particular, the deviation connected with the d 3z 2 −r 2 orbital is serious. In Paper II, we constructed and studied an effective four-band model excluding the d 3z 2 −r 2 orbital. However, even in the absence of d 3z 2 −r 2 , Q 1 fluctuation is quite suppressed and Q 2 channel becomes dominant in the intermediate correlation regime. Thus, the straightforward application of FLEX for these models has the problem that the system cannot achieve the stripe-type AF phase transition. In the following we will argue that the Fermi surface should not be substantially changed by the correlations and present a simple way to achieve this within the present computational scheme.
B. Modified self-energy and density relaxation
We start with the empirical observation that LDA is surprisingly successful in predicting the Fermi surface geometries even in complicated multi-band materials with strong electronic correlations such as heavy fermion systems. 69, 70 This fact is even more striking when we realize that other quantities such as the effective electron mass, spin susceptibility, or specific heat may be completely wrong. Quite likely, this success of LDA is connected to its high accuracy in computing the charge distributions, obtained by minimizing the density functional, which contains the large electrostatic (Hartree) contribution. In real material, the large Hartree term is the main restoring force which stabilizes the charge distribution.
Constructing the effective Hubbard model only the onsite interaction within the Fe d shell is treated explicitly while the other (large) interaction terms are absorbed into the fixed effective site energies and hopping integrals, which do not depend on the charge distribution. Thus an important feedback mechanism, which stabilizes the charge distribution is missing. For example, in the calculations of the previous section the renormalized d 3z 2 −r 2 and d x 2 −y 2 occupancies deviate about 10% from the unperturbed state. This is remarkably large deviation since the Fermi surface is small in this system. This leads to a remarkable modification of the small sheets of the Fermi surface. An obvious solution to the problem of the missing feedback is a self-consistent recalculation of the effective Hamiltonian for the each FLEX iteration. However, it is not feasible with our present computer codes. Therefore we take an alternative "poor man's" approach. Taking LDA Fermi surface for realistic, we restrict its modification due to correlations by subtracting the static part from the single-particle self-energy. Namely, we replace the FLEX self-energy Σ ℓm (k, iω n ) in Eq.(D1a) with (5) where Σ ℓm (k, iω n ) is calculated in Eq.(D4a) as usual, and ReΣ R ℓm (k, 0) is its static energy part obtained by analytic continuation to the real axis of them. Although a numerical analytic continuation generally includes errors, the ω → 0 limit at low temperatures can be obtained with high precisions by the Padé approximation using several lowest Matsubara frequencies.
C. FLEX with modified self-energy
Here, we present the LDA+FLEX results for the undoped model obtained with the modified self-energy. In 5(a) , we show the largest eigenvalue λ and the maximum value of the spin susceptibility χ s (q, 0) as a function of U for J = U/6. The pairing symmetry corresponding to λ remains s ± -wave as in III A. Although the value of λ is almost the same as that in Fig. 3(a) for U < ∼ 1.0, we can obtain a monotonic behavior also for the intermediate correlation regime, which is different from the erratic behavior in Fig. 3(a) . (where λ is sensitive to a small change in parameters.) This is because the electronic structure does not change drastically in this method as expected. In fact, Fig. 5(a) . U = 1.8, and (π, 0) fluctuation is robust. Strictly speaking, the peak position is not commensurate. This drawback of the perfect elimination of the self-energy shift has no serious effect in comparison with the drastic change from Q 1 to Q 2 spin fluctuations. In Fig. 5(d) , we show the spectral weight ρ(k, ω) along the symmetry line for U = 1.8. The total bandwidth is reduced by about 1/3 and the renormalization effect is larger near the Fermi level, but the Fermi-surface topology does not change. In Fig. 6 , we present the mass enhancement factors for each orbital close to the α and β surfaces. The quasiparticle mass increases toward the AF critical point, which is a behavior recently observed in the dHvA experiment for the As-P system 56 .
IV. DOPING AND SUPERCONDUCTING PROPERTIES
In the rest of the paper, we discuss the results obtained with the modified FLEX for various dopings of the fiveband model.
A. Fermi surface
We start with the evolution of the Fermi surface with carrier doping. Figure 7 shows the Fermi surfaces of the five-band model for electron densities in the interval from 5.52 to 6.16, where n=6.0 corresponds to the undoped LaFeAsO. With electron doping, the γ surface around Γ ′ point shrinks and vanishes at n ≃ 6.12. The disappearance of this sheet was shown to be important for the pseudogap behavior, 17 while its presence is important for the (π, 0) spin fluctuations. 17, 60, 66 The electron β surface around the M point shrinks with hole doping. At n = 5.60, it reduces to a pair of Dirac points, and with further hole doping it becomes a hole surface as in n = 5.52 case. The same evolution is expected in (Ba,K)Fe 2 As 2 . The Fermi surface at around n = 5.52 is similar to that of the end material KFe 2 As 2 .
71 Thus, the systematic calculation for doping dependence is relevant for the overall features of the phase diagrams and the gap symmetry in the related materials.
B. Phase diagram
Now, let us investigate the doping dependence of the largest eigenvalue λ of the Eliashberg equation. In Fig. 8 , we show the eigenvalue for s ± -wave and d x 2 −y 2 -wave states, and the maximum value of the spin susceptibility χ s (q, 0) for U = 1.20 and J = 0.25. There is a region of strong AF spin fluctuation on the hole-doped side (n < 6.00) of the phase diagram. The s ± -wave state overall dominates in the proximity of the AF phase. The value of λ ∼ 0.9 suggests that the superconducting phase can be reached for strong interaction and/or lower temperature. The eigenvalue λ is remarkably reduced above n ≃ 6.10 and below 5.60. This corresponds to vanishing of the γ hole surface and the β electron surface at these points, respectively. The d x 2 −y 2 -wave solution dominates for n > ∼ 6.16, where the γ hole surface is absent. The s ± -wave in this region develops nodes, so-called nodal s ± -wave 66 , as discussed in section IV C. Next, we examine the doping dependence of s ± -wave eigenvalue for several different parameters. Figure 9(a) shows the λ vs n doping dependence for various U at fixed J = 0.22, and Fig. 9(b) for various J at fixed U = 1.20. It is intriguing that λ is almost flat over a rather wide doping range, and sensitive to J rather than U . Increase in J enhances the AF spin fluctuation with Q = (π, 0) and the eigenvalue λ. In the large J case, λ increases when approaching the AF phase boundary, revealing a strong correlation between the AF spin fluctuation and superconducting T c . Two different behaviors of λ can be distinguished, (i) for relatively small J, small λ insensitive to carrier doping, and (ii) for relatively large J, large λ sensitive to carrier doping and the presence of the AF phase. These facts are consistent with the doping dependence of the transition temperature in LaFeAs(O,F) and (Ba,K)Fe 2 As 2 /Ba(Fe,Co) 2 As 2 , respectively.
9
Next, to understand why SmFeAsO and NdFeAsO have the highest T c among the iron-pnictides, let us investigate the relationship between the pnictogen height z and T c , which has been found experimentally, 62 and stressed theoretically. 66 We calculate the s ± -wave eigenvalue λ for several different values of z, shown in Table I , and the lattice parameters of LaFeAsO, repeating the LDA+FLEX procedure described above for the respective crystal structures. (see Appendix A) In Fig. 10 , we show the results for U = 1.20 and J = 0.25. We can see that λ grows with an increasing pnictogen height. In the Nd case, λ is larger for wider region, especially on the electron-doped side, than that in the La case. Figures  11(a) and 11(b) show the total weight of the Green's function ℓ |G ℓℓ (k, iπT )| and the spin susceptibility χ s (q, 0) at n = 6.08. The bright parts in the former represent the Fermi surface. With the decreasing pnictogen height, the γ hole surface around Γ ′ point visibly shrinks and becomes dim. Correspondingly, the (π, 0) spin fluctuation is suppressed. Thus, the pnictogen height is very important for the high T c since it controls the size of the γ hole surface and the magnitude of the spin fluctuation. The observed trend is consistent with the experimental data showing that NdFeAsO and SmFeAsO hold high T c even for heavily electron doping.
C. Gap anisotropy
In this section, we examine anisotropy of the gap functions for various dopings. To this end, we plot the band diagonal anomalous Green's function,
obtained from Eq.(D1c) with the eigenvectors of the Eliashberg Eq. (D15). It singles out the gap amplitude on the Fermi surface.
In the hole-doped region, the strong (π, 0) spin fluctuations render the s ± -wave a likely gap function. For instance, at n = 5.76, the (π, 0) spin fluctuation is remarkably enhanced as shown in Fig. 12(a) , and the gap function has no nodes as shown in Figs. 13(a) and 13(b) . In this case, the gap function on the α surface has almost the same amplitude as that on the β surface (with opposite sign), and about a half of the γ surface one. This is consistent with the gap structure observed in ARPES on (Ba,K)Fe 2 As 2 .
33, 34 The ratio of the α to γ surface gap amplitude changes gradually with carrier doping, as illustrate by n = 5.60 in Fig. 14(a) .
In the electron-doped region, the AF spin fluctuations are suppressed as shown in Fig. 12(b) . While the s ± -wave pairing symmetry is still favorable, the gap function becomes remarkably anisotropic on the β surface, as shown in Fig. 13(d) . Further electron doping leads to a sign reversal, i.e., it becomes so-called nodal s ± -wave shown in Fig. 13(f) . However, the corresponding eigenvalue is small, and the d x 2 −y 2 -wave pairing prevails. Thus we may expect a fully-gapped state in the hole-doped region, and gap minima or line-nodes in the electron-doped region. This may be the key to understanding of the material-dependent nodal features as the fully-gapped behavior in (Ba,K)Fe 2 As 2 , and the nodal/nodeless behaviors in Ba(Fe,Co) 2 As 2 and LaFeAs(O,F).
Let us take a detailed look at the gap anisotropy. Even at n = 5.76, the gap amplitude around the M point exhibits some anisotropy. Comparing the gap amplitudes at the points marked a and b in Fig. 13(b) , we find that the amplitude at a is the same as that on the α surface, while the amplitude at b is about the same as on the γ surface. This reflects the fact that the Fermi surface at a is dominated by the d yz /d zx orbitals, and that at b by the d x 2 −y 2 orbital. Thus, the gap amplitude on the β surface will be always anisotropic. The appearance of the distinct gap minima on the β surface in the electron doped region is related to the shrinkage of the γ surface.
Finally, let us comment on the end material of the 122 series, KFe 2 As 2 . Quit recently, it has been reported that it exhibits a two-gap nodal behavior. 39, 40 In our model, this material corresponds to a hole doping of 0.5, close to the filling n = 5.60, which leads to a Dirac-cone band structure. Since the gap functions for these two fillings barely differ, let us discuss only the n = 5.60 case, in which the unrenormalized β surface reduces to a point. In the strong coupling theory of superconductivity, electrons within a finite energy window around the Fermi level participate in the pairing, and the anomalous Green's function can have a large amplitude even at k points far from the Fermi surface. Indeed, we find a large weight in a finite region around the M point, see Figs. 14(b) and 14(d). Another interesting point is the small magnitude of the gap function on the γ surface relative to that around the Γ and M points, both in the s ± -wave and d x 2 −y 2 -wave states. Observation of two gap of distinct sizes is consistent with the recent experiments in KFe 2 As 2 . 39 Nevertheless, this conclusion must be taken with care. In addition to the small value of λ, we overestimate the d 3z 2 −r 2 -orbital contribution in the heavily holedoped region. In the present two-dimensional model, the c-axis dispersion due to the d 3z 2 −r 2 orbital is neglected. Although it is not crucial as long as the d 3z 2 −r 2 band is far from the Fermi level, its presence close to the Fermi level suppresses the eigenvalue of the d x 2 −y 2 -wave relative to the s ± -wave. Therefore, we expect the d x 2 −y 2 -wave eigenvalue to be comparable with the s ± -wave one in a more realistic three-dimensional calculation.
D. Pairing Glue
In this section, we analyze the paring mechanism. Although we have obtained the phase diagram insensitive to carrier doping and the presence of the AF phase in relatively small J case, we need to clarify what is the glue for the superconducting pairs in this case. In Fig. 15 Fig. 15 , we denote this contribution with "spin dipole." We find that for both choices of J, the contribution of the spin dipole-dipole fluctuations reflects the proximity of the AF phase, that is, the eigenvalue λ overall increases towards the AF phase boundary. Such a behavior is rather remarkable in the light of flatness of the full λ vs n. Moreover, the dipole-only eigenvalue is only 60 − 70% of the total value of λ. The rest comes from the orbital-off-diagonal spin fluctuations, which represent correlations between higher-order multipoles, especially, χ although the conventional AF spin fluctuations provide the largest contribution to the paring glue, the higherorder multipolar fluctuations given by the off-diagonal elements of χ s 12,34 assist the superconducting pairing, and push the transition temperature up. Therefore, the correlation between T c and the proximity of the AF phase is seemingly weak.
V. SUMMARY AND CONCLUSIONS
Using a combination of ab initio band structure and the FLEX approximation, we have constructed a five-band model of iron pnictides and studied the doping dependence of superconductivity. We have employed a simple procedure to fix the shape of the Fermi surface to its LDA shape.
We have found that the superconductivity is stable in a wider interval for hole doping than for electron doping. The s ± -wave state corresponds to the largest eigenvalue of the Eliashberg equation λ over a wide doping range, only in the heavily electron doped region d-wave state becomes more favorable. For a relatively small Hund's coupling J, the eigenvalue λ is relatively small and insensitive to carrier doping. On the other hand, for large J, λ is large and more sensitive to the carrier doping and the proximity of AF phase. These observations are consistent with the behavior of the superconducting transition temperature T c in LaFeAs(O,F) and (Ba,K)Fe 2 As 2 /Ba(Fe,Co) 2 As 2 , respectively. Furthermore, to understand why the highest T c is found in SmFeAsO and NdFeAsO, we have investigated the influence of the pnictogen height on λ. The pnictogen height has a great impact on the size of the Fermi surface around the Γ ′ point formed by the d x 2 −y 2 orbital. In the Nd case, the Γ ′ sheet is large resulting in a large λ over a wider doping region, especially on the electron-doped side, than in the La system. This agrees with the fact that SmFeAsO and NdFeAsO hold the high T c even when heavily electron doped.
As for the anisotropy of the gap function, we find a fully-gapped state in the hole-doped region, and remarkably anisotropic gap function around the M point in the electron-doped region. This may be the key to understanding of the material-dependent nodal behavior, such as fully-gapped behavior in (Ba,K)Fe 2 As 2 , and nodal/nodeless behavior in LaFeAs(O,F). Furthermore, we have found indications of gaps of two distinct sizes for the end 122 material KFe 2 As 2 .
Finally, concerning the pairing mechanism, we have explained why the correlation between T c and the presence of the AF phase is seemingly weak in this system. Only 60 − 70% of the total pairing interaction originates from the diagonal components of spin fluctuation, which corresponds to the conventional spin-spin correlation. The remaining part originates from correlations involving higher-order spin multipoles. This additional pairing glue naturally comes from the multi-band character of iron-pnictides with several different orbital contributions at the Fermi surface. Therefore, it is an oversimplification to attribute pairing in these materials only to the conventional AF spin fluctuations. 20029014) and the Global COE Program "The Next Generation of Physics, Spun from Universality and Emergence" from the Ministry of Education, Culture, Sports, Science and Technology, Japan. JK acknowledges the support of the SFB 484 of the Deutsche Forschungsgemeinschaft.
Appendix A: Hopping integrals
Let us here provide a set of in-plane hopping integrals on the MLWFs basis, t ℓm [∆x, ∆ȳ], for each band calculation in Table I , where [∆x, ∆ȳ] denotes the in-plane hopping vector, and (ℓm) the orbitals. Note that thē x-andȳ-axes point toward neighboring Fe atoms while x and y in the orbitals (1 : Table II , we list t ℓm [∆x, ∆ȳ] up to the fifth neighbors, the magnitude of which is larger than 0.005eV. We can obtain the principal hopping integrals for each band structure from this We here give careful consideration to symmetry operations in the two-dimensional model Hamiltonian. The unperturbed Hamiltonian is defined as follows:
where c † kℓσ , and c kmσ are the Fourier transforms of c † iℓσ , and c imσ . The hopping matrix h k ℓm has the following form:
io io e e −io e e io io −io e e io io e −io −io e e e −io −io e e
where " i " is the imaginary unit, and " e " and " o " denote, respectively, even-and odd-parity functions of the wave vector k. Introducing a sign function with s = +/− below/above the line k x = k y in Fig. 2(b) , io = is|o| with |o| = so, which is unchanged under the inversion. In this case, using the transformation
with 
With the use of this unitary matrix, the direct transformation from c kmσ to a knσ can be defined by
In this case, the relation
corresponding to the time-reversal symmetry of the Hamiltonian naturally holds. Thus, we can fix the complicated phase factors accompanying the diagonalization at each k point. In addition, considering the mirror symmetry about the two lines k x = k y and k x + k y = 2π through the Γ ′ point, we can carry out any numerical calculations in the reduced zone as shown in Fig. 2(b) , which improves the accuracy and speeds up the calculation.
Here, A(τ )B(0) = − T τ [A(τ )B(0)] with the conventional notation. From the above definition and the timereversal invariance, we obtain the following relations:
By the Fourier transformation from k to r, these relations are rewritten as follows,
Thus, G ℓm (r, τ ) and F ( †) ℓm (r, τ ) are real functions. On the other hand, by the Fourier transformation from τ to the fermionic Matsubara frequency ω n = (2n + 1)πT , we can obtain
Concerning the wave vector k, each component of the normal Green's functions holds the same irreducible representation in the space group as the corresponding hopping matrix h k ℓm . Depending on the parity even or odd, the last equality in Eq.(C4a) becomes
By Eqs.(B3) and (B4), it is convenient to introduce Green's functions,
inc kmσ representation with the inverse temperature β = 1/T . In this case,
with i −km = i * km , and then,
Thus, we can eliminate the sign depending on the parity. In addition to these relations, a value at k point in Green's function holds a simple relation to that at the star of k under the space-group symmetry. Thus, Green's functions at all k points in the unfolded BZ can be generated from those values at k points in the reduced zone. These relations obtained in this section are practical in actual calculations.
Appendix D: FLEX formalism
We here summarize the formulation of FLEX, following Ref. 73 . The linearized Dyson-Gorkov equations for spinsinglet pairing with the abbreviation k = (k, iω n ) are given by
where Σ ℓm (k) and ∆ ℓm (k) are the normal and the anomalous self-energies, respectively. Inc kmσ representation, these equations can be rewritten as
whereΣ ℓm (k) and∆ ℓm (k) are, respectively, defined bỹ
In the FLEX approximation, the self-energies are described with effective interactions composed of ladder and bubble diagrams as follows,
where the effective interactions V ℓℓ ′ ,mm ′ (q) and V s ℓℓ ′ ,mm ′ (q) are, respectively, given by (ℓℓ ′ , mm ′ ) element of matrices,V (q) andV s (q). Here, ν n = 2nπT in q = (q, iν n ) is the bosonic Matsubara frequency. In the present study, for simplicity, let us consider only particle-hole processes and omit particle-particle ladder processes in these effective interactions. This simplification can be expected to be justified not only qualitatively but also semi-quantitatively in the case where the spin fluctuation dominates. 
With the use of the normal Green's functions, each component of the irreducible susceptibility is defined as follows:
The second line can be obtained with the use of the Fourier transformation and the relation of Eq.(C3a). In these susceptibilities, a simple relation between the upper and lower triangular components holds. This consideration also saves a memory in actual numerical calculations and speeds up the calculations. In the FLEX approximation, first of all, we evaluate the eigenvalue ǫ nk and the unitary matrixũ 
where ξ nk = ǫ nk − µ, and f (ǫ) = 1/(e βǫ + 1) is the FermiDirac distribution function. With the use of the obtained unitary matrixũ k ℓm , the noninteracting Green's functions are given bỹ 
Concerning the superconducting transition, from Eqs.(D1c) and (D4b), we obtain the Eliashberg equation,
with the eigenvalue λ. The transition temperature T c can be obtained as the temperature when the maximum eigenvalue λ is unity.
